Abstract. Endocannabinoids and ceramides have demonstrated growth inhibition, cell death induction and pro-apoptotic activity in cancer research. In the present study, we describe the profiles of two major endocannabinoids, ceramides, free fatty acids and relevant metabolic enzymes in 47 pairs of human colorectal cancer tissues and adjacent non-tumor tissues. Among them, anandamide (AEA) and its metabolite, arachidonic acid (AA), were markedly upregulated in cancer tissues particularly in those with lymphatic metastasis. The levels of C16 and C24 ceramides were significantly elevated in the colorectal tumor tissues, while levels of C18 and C20 ceramides showed opposite trends. Levels of two enzymes participating in the biosynthesis and degradation of AEA, N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D (NPLD) and fatty acid amide hydrolase (FAAH), together with the most abundant ceramide synthases (CerS1, CerS2, CerS5 and CerS6) in the colon were also determined. Quantitative-PCR analysis indicated that the mRNA levels of these enzymes were overexpressed in the tumor tissues. The activities of NPLD and FAAH were also upregulated. In addition, both gene and protein expression levels of cannabinoid receptor 1 (CB1) were elevated but not of CB2. Elevation of AEA and alteration of ceramides (C16, C24, C18, C20) may qualify as potential endogenous biomarkers and novel drug targets for colorectal cancer.
Introduction
As one of the three most common cancers in the world, colorectal cancer (CRC) occurs with a global incidence exceeding 1.2 million new cases and 600,000 deaths per year. Endoscopic removal of precursor lesions appears to be the only effective treatment strategy for CRC (1) . The most frequently used chemotherapy regimens for CRC to date are respective combinations of leucovorin, oxaliplatin, irinotecan and fluorouracil (5-FU), which are not highly efficient target therapies, and are accompanied by a series of adverse side effects, such as peripheral nerve toxicity and severe neutrophil reduction (2, 3) . It is essential to identify and verify potential endogenic biomarkers for the diagnosis, therapy and further prevention of CRC. Early-stage CRC is usually misdiagnosed as chronic appendicitis or cholelithiasis. The carcinoembryonic antigen (CEA) level in patient blood is a common chemical marker for the clinical diagnosis of CRC, yet a high CEA level often suggests that tumors have spread to distant sites. Therefore, it is necessary to explore potential therapeutic biomarkers and targets which may be effective with fewer side effects. Here, we suggest that endogenetic cannabinoids and ceramides may be a possible option.
As two major endocannabinoids, anandamide (AEA) was first isolated, followed by 2-AG (4, 5) , and both are found within the gastrointestinal tract (6) . N-acyl-phosphatidylethanolaminehydrolyzing phospholipase D (NPLD) is a key enzyme that participates in a series of AEA synthesis reactions, and synthesizes and releases AEA from the direct biosynthetic precursor N-arachidonoylphosphatidylethanolamine (NAPE) (7, 8) . Fatty acid amide hydrolase (FAAH) acts as the main hydrolytic enzyme for AEA, which is widely distributed in tissues containing the CB1 and CB2 receptors (9) , and mainly catalyzes AEA into arachidonic acid (AA) and ethanolamine. Diacylglycerol lipase-α (DGL-α) and monoacylglycerol lipase (MGL) are respectively responsible for 2-AG biosynthesis and hydrolysis (8) . Both AEA and 2-AG have been verified to bind to CB receptors. The CB1 receptor is not only distributed in regions of the brain for central nerve system control, but is also present in the prostate, spleen, lymphocytes and small intestine (10, 11) . The CB2 receptor is mainly found in immune tissues and immunocompetent blood cells, and is highly expressed in natural killer cells, mast cells and monocytes (11) . AEA seems to have more affinity for the CB1 receptor than CB2, but 2-AG prefers to bind to the CB2 receptor (12, 13) . Recently, a series of studies investigated the antineoplastic role of endocannabinoids (14) . AEA efficaciously inhibited the proliferation of multiple tumor cell lines with CB receptormediated antitumor effects, including human breast, prostatic and colorectal cancer cell lines (15) (16) (17) . De Petrocellis et al reported that AEA prevented the proliferation of cancer cells by inhibiting DNA synthesis and arresting the G1/S transition of the cell cycle, which was mainly mediated via the interaction with the transmembrane CB1 receptor rather than the CB2 receptor (16) . Furthermore, the pro-apoptotic effect of AEA was also realized by acting on the vanilloid receptors (18) . Notably, another pro-apoptotic endogenic lipid, ceramide, was also confirmed to be elevated and to participate in apoptosis via the endocannabinoid system (16, 19) .
Ceramides are vital signaling sphingolipids involved in cell growth arrest, differentiation and apoptosis, and contain two frame structures, a sphinganine base and a fatty acyl with varying lengths of carbon chains (20) . The most abundant ceramides in human tissues are those with C16 to C24 fatty acyl bases, which are mainly synthesized by six ceramide synthases (CerSs) (CerS1-CerS6). CerS1, CerS2, CerS5 and CerS6 are relatively plentiful in colon tissues. CerSs show different specificity to produce ceramides with differing chain lengths. CerS1 is mainly responsible for C18 ceramides, and CerS2 for C20-C24 ceramides, CerS5 for C16 ceramides and CerS6 for C16/18 ceramides, respectively (21) . Ceramidase inhibition or application of ceramide analogues promoted the apoptosis of human CRC cells (22) . However, pharmacological inhibition of ceramide biosynthesis protected cancer cells from apoptosis (23) . In addition, cancer cell lines with low ceramide levels or a defect in ceramide synthesis can escape from apoptosis induced by radiation (24) . One study found that patients with head and neck cancer resistant to radiotherapy had decreased ceramide levels in tumor tissues (25) . Higher or lower levels of ceramide appear to be closely linked to cancer cell apoptosis or malignant progression. Hence, in addition to endocannabinoids, ceramides may be another group of important lipids involved in CRC progression.
In order to reveal the expression patterns of endocannabinoids and ceramides in human CRC, we evaluated the endogenic levels of AEA, 2-AG, ceramides and their metabolites via liquid chromatography-tandem mass spectrometry (LC-MS/MS). The expression levels of two cannabinoid receptors and the relevant enzymes, such as NPLD, FAAH, DGL-α, MGL and CerSs, were also analyzed to evaluate the potential effects of these lipids on tumor treatment.
Materials and methods
Patients and tissue sampling. Colorectal cancer samples were obtained from 47 Chinese patients undergoing surgical resection at the Department of Colorectal Surgery, Fujian Medical University Union hospital (Fuzhou, China) during 2011, and were confirmed with TNM stage according to the World Health Organization TNM staging 7th edition by pathological analysis. Non-tumor control tissues were resected from the same patients at the region 5-7 cm above the tumor position. All tissues were divided into several slices for lipid, gene and protein analysis, and were freshly frozen and stored at -80˚C immediately after resection. Informed consent was obtained from each patient before surgery. Study of the resected human tissues was approved by the Ethics Committee of Fujian Medical University Union hospital, following clinical registration guidelines in China.
Lipid extraction and analysis. Lipids were extracted from the tissue samples using a previously described method with modifications (26, 27) . in brief, the samples were homogenized in methanol/H 2 O (v/v, 50/50) containing internal standards (C17:1 FAE, C17:0 heptadecanoic acid and C17:0 ceramide) and were then extracted with chloroform. The organic phase was transferred and dried under nitrogen flow (N 2 ). After being redissolved with chloroform, the lipid solution underwent solid-phase extraction, and was eluted by methanol/ chloroform (v/v, 10/90). The elution containing endocannabinoids and ceramides was dried and reconstituted with 100 µl of methanol/chloroform (v/v, 75/25), and then 10 µl of this elution was used for detection using the 3200 Q Trap LC-MS/MS system (Applied Biosystems, USA) coupling with the 1100-LC system (Agilent, China). The mobile phase for endocannabinoids and ceramides consisted of methanol and ultra-pure water (pH 7.4), and the gradient elution was as follows: 85% methanol was kept for the first 3 min, followed by a linear gradient from 85 to 100% methanol for 2 min and then 100% methanol was continued for 15 min. The elution condition was finally returned to 85% methanol at a flow rate of 0.7 ml/min. The column temperature was maintained at 40˚C. Assessment of enzyme activity. Analysis of enzyme activity was also carried out using a previously described method (27) . Samples were homogenized in 50 mM Tris-HCl buffer (pH 7.4) containing 0.32 M sucrose to obtain the total proteins. For NPLD activity, in 50 mM Tris-HCl buffer (0.1% Triton x-100 and 1 mM phenylsulphonylfluoride), 100 µg of sample protein was incubated with 50 µM 1-palmitoyl,2-palmitoylsn-glycero-3-phosphoethanolamine-N-heptadecenoyl (C17:1 nAPE) at 37˚C for 30 min, and then 0.2 ml methanol containing [ 2 H 4 ]-OEA was added to halt the reaction. DGL-α activity was measured at 37˚C for 30 min in 50 mM Tris-hCl containing 0.1% Triton x-100. The reaction between the sample proteins and 50 µM diheptadecanoyl-sn-glycerol as substrates were stopped by 0.2 ml methanol containing C17:1 FAE. FAAH and MGL activity were measured by incubating the sample proteins with AEA or 2-oleoylglycerol as respective substrates in Tris-HCl buffer containing fatty acid-free BSA (0.05%). The reactions were also terminated by adding 0. Evaluation of protein and mRNA levels. Protein expression levels of the tissue samples were evaluated by western blot analysis. First, the concentration of homogenized tissue protein was measured using the BCA protein assay kit (Pierce, China). Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to PVDF membranes (Amersham Biosciences, China). Membranes with the proteins were incubated overnight with primary antibodies against the CB1 receptor (1:500), CB2 receptor (1:500; Cayman, China) or β-actin at 4˚C, followed by incubation with HRP-conjugated anti-rabbit IgG antibody (1:10,000; Sigma, China) for 1 h at room temperature. Protein bands were visualized using an ECL Plus kit (Amersham Biosciences). mRNA expression levels were measured by RT-qPCR assay. Tissue samples were ground using ice-cold porcelain mortars with TRIzol to extract total RNA. The RNA concentration was measured with a spectrophotometer (Beckman Coulter, USA). Reverse transcription was completed with a ReverTra Ace qPCR RT kit (Toyobo, Japan) following the manufacturer's instructions. Finally quantitative PCR was performed and analyzed in a 7500 Fast real-time PCR System (Applied Biosystems). The mRNA expression levels were normalized by housekeeping gene 18S as the internal standard.
Primers were as follows: NPLD forward primer (F), 5'-TG GCTGGGACACGCG-3' and reverse primer (R), 5'-GGG ATCCGTGAGGAGGATG-3'; FAAH F, 5'-GCCTCAAGG AATGCTTCAGC-3' and R, 5'-TGCCCTCATTCAGGCTCA AG-3'; MGL F, 5'-CATGTGGATTCCATGCAGAAAG-3' and R, 5'-AGGATTGGCAAGAACCAGAGG-3'; DGL-α F, 5'-AGAATGTCACCCTCGGAATGG-3' and R, 5'-GTGGCT CTCAGCTTGACAAAGG-3'; CB1 F, 5'-AGCCTCTGGATA ACAGCATGG-3' and R, 5'-AATCTTGACCGTGCTCTT GATG-3'; CB2 F, 5'-CTCAGTGACCAGGTCAAGAAGG-3' and R, 5'-TTTTGCCTCTGACCCAAGG-3'; CerS1 F, 5'-TTT GGCTCCCGCACAATGT-3' and R, 5'-AAAAGCGAGATA GAGGTCCTCA-3'; CerS2 F, 5'-GCTCTTCCTCATCGTTCG ATAC-3' and R, 5'-GTGTAGCCACGTACAGCTCA-3'; CerS5 F, 5'-GCTGCTCTTCGAGCGATTTAT-3' and R, 5'-CCT CCGATGGCGAAACCAG-3'; CerS6 F, 5'-TTTGGCTCC CGCACAATGT-3' and R, 5'-AAAAGCGAGATAGAGGTC CTCA-3'; 18S F, 5'-CAGCCACCCGAGATTGAGCA-3' and R, 5'-TAGTAGCGACGGGCGGTGTG-3'.
Statistical analysis. Data of the results are expressed as means ± SEM. Statistical significance was analyzed with one-way variance analysis (ANOVA) followed by the Bonferroni all pairs test. Statistical analysis was completed using GraphPad Prism (GraphPad Software, USA), and the difference was considered statistically significant at p<0.05.
Results
Characteristics of the patients. Tumor samples were collected from 47 patients with CRC during surgical removal. Detailed baseline characteristics of the 47 patients are listed in Table I . Their median age was 60 years (range, 33 to 88). Sixty four percent of the patients were male. Approximately 68% of the patients were at tumor stage T3 with tumor stage T2 and T4, respectively, consisting of 4 and 28% of the cases. Regarding the nodal status, the patients were distributed almost equally between N0 (47%) and N1+ (53%). TNM staging was as follows: stage I, 2%; stage II, 45%; stage III, 42%; stage IV, 11%. Here, nodal status was applied to classify all samples because of equalization and comprehensiveness. The groups were classified as follows: n0 group, tumors with no lymph node metastasis; N1+ group, tumors with metastasis of one or more lymph nodes; and N group, adjacent non-tumor tissues.
Alteration of endogenic lipid levels in human CRC tissues.
After detection by LC-MS/MS assay and normalization by the wet weight of each sample, the levels of AEA, 2-AG, ceramides and free fatty acids were analyzed. Regarding the endocanabinoids, the anandamide level was obviously elevated in the CRC tissues when compared with this level in the non-tumor control tissues, and was nearly 2-fold higher in the tissues with metastasis of the lymph nodes (Fig. 1A) . However, change in the level of the other endocannabinoid 2-AG was not detected between the tumor tissues and the control tissues (Fig. 1B) . Levels of long-chain ceramides also showed variation with different trends. Levels of C16:0 and C24:0 ceramides in human non-tumor colon tissues were, respectively, 102.6±6.0 and 8.6±0.8 pmol/mg tissue, and both were obviously increased in the tumor tissues ( Fig. 2A-a and -b) . A 1.5-fold higher level of C24:1 ceramide was detected in the tumor tissues with lymph node metastasis ( Fig. 2A-c) . Elevation of C24 ceramide showed a positive correlation with lymph node invasion. In contrast, reduced levels of both C18 and C20 ceramides were observed in the tumor tissues as compared with these levels in the adjacent noncancerous tissues ( Fig. 2A-d and -e) . Regarding a comprehensive series of multiple free fatty acids (FFA), levels of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids were also detected using the LC-MS/MS method. Unexpectedly, as the main metabolic product of AEA, levels of arachidonic acid (C20:4 FFA) were markedly increased in the tumor tissues, and were even higher in the N1+ group (Fig. 1C) . In addition, compared with the non-tumor tissues, most FFAs presented upregulated trends in the CRC tissues. As for the SFAs, C18:0 and C24:0 FFAs displayed higher levels in the tumor tissues (Fig. 3) . MUFAs from C14 to C24 were consistently elevated in the tumor (11) tissues (Fig. 4) . Except C18 FFAs, most PUFAs also revealed highly increasing trends (Fig. 5) .
Changes in metabolic enzymes for corresponding lipids in human CRC tissues.
In order to explain the variation of lipids in human CRC, mRNA expression levels and activities of metabolic enzymes were respectively analyzed by quantitative PCR assay and enzyme activity assay as described above. We first measured the mRnA expression levels and activities of associative metabolic enzymes responsible for AEA and 2-AG. As a main synthetase of AEA, NPLD was 2-to 3-fold overexpressed in the tumor tissues; the enzyme activities of which showed the same upward trend ( Fig. 1D and E) . Notably, FAAH, a key hydrolase of AEA, also presented higher mRNA expression levels and catalytic activities in the CRC tissues ( Fig. 1F and G) . The transfer enzymes responsible for 2-AG were further detected in the same manner. The mRNA levels and catalytic activities of both synthetase DGL-α and hydrolase MGL exhibited no significant differences between the tumor and the control tissues. Moreover, to investigate the different variation trends of long-chain ceramides, the mRNA levels of four abundant CerSs in the human colon were also measured, that is CerS1, CerS2, CerS5 and CerS6. The results showed that all CerSs revealed 2-to 4-fold upward trends (Fig. 2B ). CerS1, a synthase responsible for C18 ceramide synthesis, unexpectedly increased, and the same trends were also observed for CerS2 and CerS6, which partly synthesize C20 and C18 ceramides. Yet, CerS5 and CerS6 for C16 ceramide showed consistent upregulation, as did CerS2 which is partly responsible for C24 ceramide. 
Expression levels of cannabinoid receptors in human CRC
tissues. Based on the alteration of endocannabinoid levels in the CRC tissues, we further analyzed the protein expression levels of the cannabinoid receptors via western blot analysis in the same tissue samples. CB1 expression was elevated 1.5-fold in the N0 group (0.25±0.01), and 2-fold in the N1+ group (0.31±0.04), which were compared with adjacent non-tumor samples (0.14±0.01) (Fig. 6A) . However, protein expression of CB2 showed no obvious alteration between the CRC tissues and non-tumor tissues (Fig. 6A) . The mRNA levels of cannabinoid receptors were further measured. Consistent with the protein levels, the mRNA level of CB1 was also upregulated in the tumor samples, and the gene expression of the CB2 receptor was not altered (Fig. 6B) . The detailed result of the CB1 mRNA levels was as follows: 0.8±0.1 in the N group; 1.8±0.5 in the N0 group; 2.4±0.5 in the N1+ group.
Discussion
Endocannabinoids have been demonstrated to act with multi-function in the gastrointestinal tract, particularly in the colon. D' Argenio et al reported that in human colitis and inflammatory bowel diseases (IBDs), upregulation of AEA levels exerted a protective effect against the inflammatory response mainly via the CB1 receptor subtype (28) . Since chronic inflammation is a recognized risk factor for CRC, the key role of the cannabinoid system in CRC progression warrants further investigation. it was verified that increased endocannabinoid levels reduced the development of precancerous lesions in the mouse colon (29) . In addition, endocannabinoids were even found to inhibit the proliferation of cancer cells, such as breast cancer, prostate cancer and colorectal cancer cells, mostly via CB1 receptors (15, 17, 30) .
In the present study, we found that the level of AEA was increased in the CRC tissues, particularly in those with lymph node metastasis, while 2-AG levels showed no significant difference. The result of AEA levels was consisting with data reported by Ligresti et al (15) . In contast, 2-AG levels in their study were also upregulated, which may have been induced by differences in the sample source, population distribution and dietary habits. To further verify the detailed pathway of endocannabinoid alterations, we measured the expression of relevant metabolic enzymes. In agreement with the marked upward trends for AEA, the mRNA levels and activities of synthase NPLD were highly elevated. The same tendency was also observed for FAAH, which acts as an AEA hydrolase. In the present study, high expression of NPLD was thought to be the primary reason for elevation of AEA, thereby FAAH was enhanced as a positive feedback due to substrate accumulation. As a result, arachidonic acid, the main metabolite of AEA, was found to increase in the CRC tissues particularly in those associated with lymph node metastasis. Regarding the metabolic pathway of 2-AG, there was no significant change in the activities and the expression of synthase DGL-α and hydrolase MGL between the tumor and the control tissues, which may be a reasonable explanation for the consistent levels of 2-AG. Detailed mechanisms of the variation in endocannabinoid levels still require further study.
AEA elevation in CRC was suggested to be self-protection against further tumor progression. It is known that multiple pharmacological functions of AEA are accomplished through activation of cannabinoid receptors, particular CB1 (12, 13) . In the present study, the mRNA level of CB1 was increased in the CRC tissues and even higher in the lymph node metastatic tumor tissues. Western blot analysis further supported the above results, which was similar to a research study by Cianchi et al (31) . A report by Ligresti et al demonstrated that activation of the CB1 receptor resulted in inhibition of CRC cell proliferation in vitro (15) , while the CB2 receptor did not display an obvious change in CRC cells, which is also consistent with our findings. Based on the present data, we suggest that strong activity of NPLD produced abundant endogenic AEA, which provided much more substrates to induce higher levels of FAAh, thereby sufficient agonist AEA further activated preferable CB1 receptor to prevent tumor progression.
It has been reported that CB1 receptor activation caused sphingomyelin hydrolysis and rapid ceramide production in astrocytes and C6 glioblastoma cells (20, 32) . Tumor apoptosis induced by cannabinoid receptor activation was verified to be mediated by ceramide de novo synthesis (31) . Growing evidence suggests that as a ubiquitous lipid messenger, ceramides play an important role in the control of tumor cell fate (33) . Yet there is limited research to further identify the role of ceramides in CRC progression and treatment. In the present study, we found that the levels of ceramides C16:0, C24:0 and C24:1 were obviously elevated in the CRC tissues. Increased levels of the C16 and C24 ceramides were also observed in human head and neck squamous cell carcinoma (HNSCC) (34) . As we observed, the C16 ceramide is the most abundant ceramide in the colon, followed by the C24 ceramide. Both two types of ceramides were reported to induce apoptosis in hepatocellular cancer, prostate cancer and colon cancer cells (35) (36) (37) . In another report, the C16 ceramide was also considered to play an anti-apoptotic role in HNSCC via selective regulation of the ER-stress response pathway (38) . In contrary, levels of C18 and C20 ceramides in the CRC tumors were significantly decreased compared to these levels in the non-tumor tissues. A reduced level of C18 ceramide in tumors was also reported in HNSCC (34) , which was thought to contend for tumor growth via telomerase activity and mitochondrial dysfunction. We further measured ceramide synthases (CerSs) in human CRC tissues, which are important enzymes for ceramide synthesis. Since specificity of each CerS subtype for ceramides with fatty acyl chain, four abundant CerS subtypes in human colon were evaluated. Unexpectedly, the mRnA levels of all the detected CerSs were sharply increased in the CRC tissues. Upregulated levels of CerS2, CerS5 and CerS6 were explained to synthesize and elevate enough C16 and C24 ceramides to decelerate tumorigenesis. CerS1 showed a contrary upward trend against the reduced levels of its specific C18 ceramide, which may be a defensive mechanism to compensate enough C18 ceramides. Overlapping enzyme activity of CerS2 and CerS6, partly responsible for synthesis of C18 and C20 ceramides, made it difficult to study CerSs and ceramides in a one-to-one relationship. The complex regulatory mechanism of CerSs and ceramides with different carbon chains of fatty acyl still require further in-depth research. Yet, consistent alteration of C16/C18/C24 ceramides in several tumors revealed that they may be potential indicators in tumor monitoring.
In addition to AA, a metabolite of AEA, the expression of other free fatty acids was also detected by LC-MS/MS. MUFAs with carbon chains from C14 to C24 and most PUFAs showed a high unitive increase, while among the SFAs, only C18:0 and C24:0 FFAs were increased in the CRC tissues. Increased MUFAs provide enough resource to build more phospholipids, diacylglycerols and triacylglycerols, to serve as a continuous nutrient fuel for rapidly proliferating cancer cells (39, 40) . As we know, regular cell growth needs a stabilized balance between SFAs and unsaturated fatty acids (UFAs) (41) . The augmentation of MUFAs and PUFAs demonstrated the rapid proliferation and aggressiveness of human CRC.
In conclusion, the present study demonstrated an increase in AEA in human CRC tissues along with lymph node metastasis, which could be an endogenous bio-indicator for the malignant degrees of CRC. Overexpression of its preferred receptor, CB1, aided in further understanding the important role of the endocannabinoid system in the treatment of human CRC. Moreover, the variation in levels of long chain ceramides and UFAs revealed that lipid dysfunction plays a vital role in CRC progression, and these levels may also be utilized as important monitoring biomarkers and novel drug targets for colorectal cancer.
